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Abstract

Background & Aims—Hepatic fibrosis is associated with an overproduction of matrix proteins 

and a pathological increase of liver stiffness. Non-invasive magnetic resonance (MR) 

quantification of matrix can be assessed with a collagen-binding molecular MR probe and stiffness 

by MR elastography, complementary techniques. This study utilizes both imaging techniques to 

more accurately stage hepatic fibrosis in a rat model.

Methods—Thirty rats with varying levels of diethylnitrosamine-induced liver fibrosis were 

imaged before and 45 minutes after injection of collagen-specific probe EP-3533. MR 

elastography was performed in the same imaging session. The change in liver relaxation rate ΔR1 

post EP-3533 and liver stiffness were compared to the collagen proportional area (CPA) 

determined by histology and to Ishak scoring using receiver operating characteristic (ROC) 

analysis.

Results—Collagen imaging was most sensitive to early fibrosis, while elastography was more 

sensitive to advanced fibrosis. This complementary feature enabled the formulation of a composite 

model using multivariate analysis of variance. This model incorporated the discriminating 

advantages of both MR techniques, resulting in more accurate staging throughout fibrotic 

progression.
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Conclusions—Collagen molecular MR imaging is complementary to MR elastography and 

combining both techniques in a single exam leads to increased diagnostic accuracy for all stages of 

fibrosis.

Keywords

MRI; hepatic fibrosis; contrast agent; gadolinium; stiffness

Chronic liver disease, an increasingly prevalent cause of morbidity and mortality worldwide,

[1] results from a wide range of factors such as viral hepatitis, excess alcohol consumption, 

diabetes, and metabolic dysfunction. Repeated injury to the liver from these conditions 

results in a fibrotic tissue repair response that replaces necrotic tissue with extracellular 

matrix scar, rich in fibrilliar collagen. If the underlying causes of disease are eliminated 

early enough, liver fibrosis may regress to less advanced stages or be fully reversed to 

normal architecture and function,[2] but if left unchecked, fibrosis will often progress to 

cirrhosis, which significantly impairs liver function and is the 12th leading cause of death in 

the United States.[3] Therefore, accurate assessment of fibrosis stage and early detection of 

fibrosis, as well as monitoring its response to therapy, are vital clinical requirements for 

effective management of liver disease.

Liver biopsy is the gold standard in assessing liver fibrosis,[4] although it suffers from many 

limitations including sampling error, inter-observer variability, and risk of complications; 

hospitalization is required in 1–5% of biopsy bases.[5,6] Even at advanced stages of fibrosis, 

large error rates in diagnosis of 33% have been reported.[7] Furthermore, repeated biopsies 

to evaluate disease progression or response to treatment are not ideal due to increased risk of 

complication and lack of patient compliance. Therefore, non-invasive strategies that can 

repeatedly measure fibrosis throughout the entire organ are advantageous and urgently 

needed.

Magnetic resonance elastography (MRE) is an imaging technique that can be adapted to a 

clinical MRI scanner and measures the propagation of mechanical waves in order to measure 

stiffness and other mechano-elastic properties of tissue. MRE has been most widely applied 

to assess liver fibrosis, and has been reported to be most reliable at detecting advanced 

fibrosis and cirrhosis.[8] Portal hypertension, inflammation, and collagen cross-linking are 

some of the commonly acknowledged factors contributing to this late-stage liver stiffening.

[9–11]

Molecular imaging also holds great promise for the non-invasive detection of organ fibrosis. 

A peptide-based type I collagen specific MR probe, termed EP-3533, was demonstrated to 

detect and stage disease in animal models of cardiac, pulmonary, and hepatic fibrosis.[12–

17] In one study EP-3533 enhanced MRI could accurately stage liver fibrosis in a carbon 

tetrachloride mouse model and was more sensitive than other conventional MRI measures 

such as water diffusion.[14]

Molecular MRI and MRE are independent techniques that can both be implemented in a 

single imaging session. The goals of this work were to compare the effectiveness of MRE 

and collagen-targeted molecular MRI for staging liver fibrosis, and to determine whether 
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incorporating both techniques in the same imaging exam could lead to increased diagnostic 

accuracy. Here we concurrently performed the two imaging techniques on rats treated with 

diethylnitrosamine (DEN) or vehicle for different periods of time in order create different 

stages of liver fibrosis. Compared to other animal models, the DEN model has been 

previously shown to more accurately resemble human disease at the histologic, biochemical 

and molecular levels.[18] The imaging readouts were compared to Ishak scoring, 

morphometric histological analysis, and to liver hydroxyproline levels.

Materials and Methods

Animal model

All experiments were performed in accordance with the NIH Guide for the Care of Use of 

Laboratory Animals and were approved by the Institution’s Animal Care and Use 

Committee. Male Wistar rats (Charles River Laboratories, Wilmington, MA) were 

administered 50 mg/kg of DEN once weekly for either 8, 12, or 16 weeks, to induce 

differing stages of fibrosis (n = 6 for each time point). Controls (n=4 for each time point) 

received phosphate buffered saline (PBS). Animals were imaged approximately one week 

after the last injection to avoid acute effects of DEN.

Probe

EP-3533 comprises a ten amino acid cyclic peptide conjugated to three gadolinium (Gd) 

moieties, and was synthesized as previously reported[12]. The peptide confers affinity for 

type I collagen (Kd = 1.8 μM) and the three Gd moieties provide strong signal enhancement 

(relaxivity = 48.4 mM−1s−1 at 1.4 T).[17]

MR Imaging

Animals were anesthetized with isoflurane (1–2%) and placed in a specially designed cradle. 

The tail vein was cannulated for intravenous delivery of the contrast agent while the animal 

was positioned in the scanner. Imaging was performed at 1.5T using a clinical MRI scanner 

(Siemens Healthcare, Malvern, PA) with a custom-built solenoid coil. Each animal was 

placed within the solenoid coil in the supine position. A silver needle (disposable silver 

acupuncture needles, 0.20 × 48 mm; Asahi Medical Instrument Co., Kawaguchi, Saitama, 

Japan) was inserted through a gap in the solenoid coil and into the liver tissue through the 

anterior body wall, in a setup similar to what has been previously described[19]. An 

electromechanical driver attached to the other end of the needle generated longitudinal 

sinusoidal vibrations at 200 Hz (Fig. 3A).

Respiratory-gated, 3D inversion recovery images were acquired prior to and 45 minutes 

following intravenous administration of EP-3533 (7.26 nmol/cm2; surface area (SA) was 

estimated by SA = k W2/3 where W is the rat weight in grams and k is the Meeh constant, 

empirically determined to be 9.5[20,21]). A non-selective inversion pulse was used and 

images were acquired with inversion recovery times of 50, 100, 200, 250, 300, 400 and 1000 

ms. Image acquisition parameters consisted of an echo time of TE = 2.44 ms, field of view 

FOV = 120 × 120 mm, matrix = 192 × 192 (0.625 mm in-plane resolution), slice thickness = 

0.6 mm, and 36 image slices. The effective repetition time TR was dictated by the 
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respiration rate through gating. Dynamic spoiled gradient echo acquisitions were taken 

during a four-minute interval, starting one minute before injection of EP-3533 as a means to 

measure complete delivery of the probe. MRE of the rat liver was then performed using a 

gradient echo MRE sequence for wave image acquisition with the following parameters: 

matrix size 256×256, TR = 50 ms, TE = 23.3 ms, flip angle = 30°, slice thickness = 5 mm, 

field of view = 100mm × 100mm, one pair of 20 mT/m trapezoidal motion-encoding 

gradients (MEG) at 200 Hz. The trigger pulses initiating the sinusoidal oscillations of the 

electromechanical driver were moved relative to the MEG to obtain images at eight different 

phase offsets between the motion and the MEG, equally spaced over one cycle of the 

motion. Because the stiffness measurements were reconstructed from the phase image 

information without incorporating magnitude data, they were unaffected by the magnitude 

enhancements due to the presence of EP-3533.

MR data analysis

T1 was quantified from a three parameter fit (T1, S0, θ) of the dependence of liver signal 

intensity (S) on inversion time (TI) and repetition time (TR) using a nonlinear least squares 

algorithm with a custom written MATLAB (Mathworks, Natick, MA) program.

where S0 is the signal intensity at full recovery, and θ is the flip angle. The liver signal 

intensity S is the averaged signal in a three-dimensional region of interest (ROI) of the rat 

liver. Because the TR changes according to the respiratory rate of the animal, the mean TR 

for each scan was extracted from the DICOM timestamp data by dividing the duration of the 

scan by the number of phase encode repetitions. The R1 (1/T1) difference between between 

post-and pre-injection measurements were computed for each animal, and these ΔR1 values 

were corrected based on the ΔR1 value of the blood, assuming a blood volume fraction of 

the liver to be 0.25.[22]

A phase gradient (PG) reconstruction method reported previously by Yin, et al.[19] was 

employed to extract shear stiffness values from the acquired data. For each animal, the phase 

of the first temporal harmonic of the acquired wave images were computed and unwrapped. 

The phase values along evenly-spaced spokes radially propagating from the needle location 

were selected to represent an aggregate phase gradient in the liver, which was derived by a 

linear fit of the phase values over radial distance. The phase gradient is directly related to the 

spatial wavelength (λ = 2π/PG), and this spatial wavelength is used to calculate the shear 

stiffness μ via the well-known elastic wave mechanics relation μ = f2λ2ρ, where f is the 

temporal frequency of the shear wave vibration (in this case 200 Hz), and ρ is the density of 

the tissue, typically estimated in elastography experiments to be 1000 kg/m3.

Tissue analysis

Following imaging, animals were sacrificed and liver tissue analyzed for pathologic scoring 

of fibrosis and hydroxyproline content. Formalin-fixed samples were embedded in paraffin, 

cut into 5 μm-thick sections and stained with Sirius Red according to standard procedures. 
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Sirius Red stained sections were analyzed by a pathologist, who was blinded to the study, to 

score the amount of liver disease according to the method of Ishak. In addition, the collagen 

proportional area (CPA) was morphometrically calculated using ImageJ (NIH). 

Hydroxyproline in tissue was quantified by HPLC analysis as previously described.[23] Gd 

was quantified in tissue acid digests by inductively coupled plasma-mass spectrometry using 

dysprosium as an internal standard. Hydroxyproline and Gd are expressed as amounts per 

wet weight of tissue.

Statistical analysis

Data are displayed as box plots with the dark band inside the box representing the mean, the 

bottom and top of the box the first and third quartiles, and the whiskers the minimum and 

maximum values. Data are reported as the mean ± standard error. Statistical analyses 

(Analysis of Variance (ANOVA) and Receiver Operating Characteristic (ROC) analysis) 

were performed using Prism 6 (GraphPad Software, Inc., La Jolla, CA) with p <0.05 

considered as significant. Differences among groups were tested with one-way ANOVA 

followed by the Tukey post-hoc test. Multivariate analysis of variance (MANOVA) was 

performed on the ΔR1 and MRE data to form a single composite score based on a linear 

combination of the two original metrics. Optimal linear weighting coefficients were 

determined such that the linear combination resulted in maximum discrimination between 

the Ishak groups according to the F-test statistic SSB/SSW, where SSB is the sum-of-squares 

between groups and SSW is the sum-of-squares within groups.[24] MANOVA analysis was 

calculated from custom code in a MATLAB (Mathworks, Natick, MA) program.

Results

For these studies, we chose to use a model of sequential fibrosis and cirrhosis that develops 

after administration of repeated injections of low-dose DEN.[14] Liver fibrosis and disease 

progression in the DEN rat model was characterized by pathological scoring and 

morphometric measurements of collagen deposition (i.e. CPA) of histological tissue sections 

(Fig. 1B) as well as HPLC analyses of liver tissue for hydroxyproline content. In our 

experiment, 4 rats developed fibrosis scored Ishak 1–2, 5 rats developed fibrosis scored 

Ishak 3-4, and 10 rats developed fibrosis scored Ishak 5-6. As expected, CPA (Fig. 1C) and 

Hyp (Fig. 1D) increased with Ishak score. CPA increased from 0.68 ± 0.05% for Ishak 0, 

3.11 ± 1.10% for Ishak 1-2, 3.46 ± 0.33% for Ishak 3-4, to 8.32 ± 1.30% for Ishak 5-6. Hyp 

increased from 224.8 ± 17.81 μg/g for Ishak 0, 410.8 ± 76.86 μg/g for Ishak 1-2, 467.1 

± 40.91 μg/g for Ishak 3-4, to 590.4 ± 55.38 μg/g for Ishak 5-6.

A respiratory-gated, three-dimensional inversion recovery MRI sequence was used to 

quantify T1 of the liver. Representative inversion recovery images at TI = 400 ms for data 

acquired pre and post-EP3533 are shown in Fig. 2 for a PBS control rat (Fig. 2A and 2C) 

and a week 16 DEN rat (Fig. 2B and 2D). A more dramatic signal enhancement is observed 

following contrast agent injection for the DEN rat compared to the PBS rat, which is 

indicative of increased T1 shortening due to greater accumulation of the EP-3533 contrast 

agent.
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Shear stiffness measurements of the rat livers were estimated from MRE data. When hepatic 

fibrosis is distributed homogenously throughout the liver at the macroscopic scale, such as in 

the DEN-injured Wistar rat model used here [18,25], it has been shown that highly precise 

measures of shear stiffnesses can be obtained through phase gradient reconstruction of MRE 

acquisitions of radially propagating shear waves[19]. The longer spatial wavelengths 

observed in the radially propagating waves in a representative DEN-treated liver (Fig. 3C) 

compared to that of the control (Fig. 3B) can be demonstrated quantitatively through this 

phase gradient method (Fig. 3D), whereby shear stiffness values (3.86 kPa for the DEN-

treated liver and 1.86 kPa for the PBS control) representing the whole liver is extracted from 

the data with the analytical procedures described above.

To assess the ability of each of these techniques to stage liver fibrosis, we separated the 

animals into four stages based on a traditional pathological Ishak score (Ishak 0 (no 

fibrosis), Ishak 1-2 (mild fibrosis), Ishak 3-4 (moderate fibrosis), and Ishak 5-6 (severe 

fibrosis)) and corresponding CPA (CPA < 2%, CPA 2%-4%, CPA 4%-6%, and CPA > 6%). 

The ΔR1 and shear stiffness values for each group are plotted in Fig. 4. The general trend 

that we observed was that the collagen probe (via ΔR1) exhibited the largest differences 

between the least fibrotic group (Ishak 0 and CPA < 2%) and the other groups, while MRE 

(via shear stiffness) exhibited the largest differences between the most fibrotic group (Ishak 

5-6 and CPA > 6%) and the other groups. This complementary outcome is further supported 

by the symmetric nature of the statistically significant between-group differences displayed 

by horizontal lines in Fig. 4A vs Fig. 4B and Fig. 4C vs. Fig. 4D.

Specifically, we observed that ΔR1 increased progressively with Ishak score, from 0.62 

± 0.02 s−1 for Ishak 0, 0.89 ± 0.05 s−1 for Ishak 1-2, 0.97 ± 0.05 s−1 for Ishak 3-4, to 1.09 

± 0.09 s−1 for Ishak 5-6. Statistically significant differences in ΔR1 were observed between 

Ishak 0 and Ishak 1-2 (p < 0.05), between Ishak 0 and Ishak 3-4 (p < 0.01), and between 

Ishak 0 and Ishak 5-6 (p < 0.001). For the CPA groupings, we observed that ΔR1 increased 

from 0.62 ± 0.02 s−1 for CPA < 2% to 0.94 ± 0.03 s−1 for CPA 2%-4%, remained 

approximately constant at 0.93 ± 0.08 s−1 for CPA 4%-6%, and increased to 1.12 ± 0.11 s−1 

for CPA > 6%. Statistically significant differences in ΔR1 were observed between CPA < 2% 

and CPA 2%-4% (p < 0.01), between CPA < 2% and CPA 4%-6% (p < 0.05), and between 

CPA < 2% and CPA > 6% (p < 0.001).

Shear stiffness was observed to stay nearly constant from 2023 ± 124 Pa for Ishak 0, 2252 

± 242 Pa for Ishak 1-2, to 2103 ± 202 Pa for Ishak 3-4, until a large increase to 3894 ± 387 

Pa for Ishak 5-6. Statistically significant differences in shear stiffness were observed 

between Ishak 0 and Ishak 5-6 (p < 0.005), between Ishak 1-2 and Ishak 5-6 (p < 0.05), and 

between Ishak 3-4 and Ishak 5-6 (p < 0.05). For the CPA groupings, Shear stiffness was 

observed to be 2006 ± 112 Pa for CPA < 2%, 2252 ± 242 Pa for CPA 2%-4%, to 2103 ± 202 

Pa for CPA 4%-6%, until a large increase to 3894 ± 387 Pa for CPA > 6%. Statistically 

significant differences in shear stiffness were observed between CPA < 2% and CPA > 6% 

(p < 0.001), between CPA 2%-4% and CPA > 6% (p < 0.005), and between CPA 4%-6% and 

CPA > 6% (p < 0.05).
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We also evaluated the effectiveness of these techniques to stage fibrosis by receiver 

operating characteristic (ROC) analysis. Using the same Ishak and CPA groups, the ROC 

analyses further support the complementary notion that collagen molecular MR imaging is 

most suitable for differentiating non-fibrotic from fibrotic animals, while elastography is 

best for differentiating highly-fibrotic or cirrhotic animals from those with less advanced 

fibrosis; the highest area under the curve (AUC) for ΔR1 resulted from the comparison 

between non-fibrotic and fibrotic groups (Fig. 5A and 5C), and the highest AUC for shear 

stiffness resulted from the comparison between the most fibrotic group and the less fibrotic 

(including non-fibrotic) groups (Fig. 5B and 5D).

The AUC for ΔR1 detecting fibrosis (Ishak 0 vs 1-6) was 1.00 (95% CI 1.00-1.00, p < 

0.0001). The AUC for distinguishing mild from moderate/severe fibrosis (Ishak 0-2 from 

Ishak 3-6) was 0.94 ± 0.05 (95% CI 0.83 to 1.00, p = 0.0004). Finally, the AUC for 

distinguishing mild/moderate to severe fibrosis (Ishak 0-4 from Ishak 5-6) was 0.88 ± 0.07 

(95% CI 0.75 to 1.00, p = 0.004). Evaluated with CPA, the AUC for ΔR1 detecting fibrosis 

(CPA ≤ 2% vs > 2%) was 1.00 (95% CI 1.00-1.00, p < 0.0001). The AUC for distinguishing 

CPA ≤ 4% vs > 4% was 0.88 ± 0.07 (95% CI 0.75 to 1.00, p = 0.0021). Finally, the AUC for 

distinguishing CPA ≤ 6% vs > 6% was 0.88 ± 0.07 (95% CI 0.73 to 1.00, p = 0.0063).

By MR elastography, the AUC for shear stiffness detecting fibrosis (Ishak 0 vs 1-6) was 0.82 

± 0.08 (95% CI 0.66-0.98, p = 0.0092). The AUC for distinguishing mild from moderate/

severe fibrosis (Ishak 0-2 from Ishak 3-6) was 0.85 ± 0.08 (95% CI 0.69 to 1.00, p = 

0.0028). Finally, the AUC for distinguishing mild/moderate to severe fibrosis (Ishak 0-4 

from Ishak 5-6) was 0.98 ± 0.02 (95% CI 0.93 to 1.00, p < 0.0001). Evaluated with CPA, the 

AUC for MRE shear stiffness detecting fibrosis (CPA ≤ 2% vs > 2%) was 0.87 ± 0.07 (95% 

CI 0.73-1.00, p < 0.0023). The AUC for distinguishing CPA ≤ 4% vs > 4% was 0.92 ± 0.06 

(95% CI 0.81 to 1.00, p = 0.0007). Finally, the AUC for distinguishing CPA ≤ 6% vs > 6% 

was 0.96 ± 0.04 (95% CI 0.89 to 1.00, p = 0.0007).

Because these two techniques were observed to have complementary staging abilities for 

detecting early (best with collagen molecular imaging) and late stage fibrosis (best with MR 

elastography), we formulated a composite metric that accounted for both methods. We used 

multivariate analysis of variance (MANOVA), an extended form of the generalized linear 

model, to form an optimal linear combination of the ΔR1 and shear stiffness values, 

resulting in a single composite score that yielded the greatest separation between the Ishak 

groups.[24] The MANOVA process decomposed the dataset into two canonical (or 

composite) variables, each of which are linear combinations of the original ΔR1 and shear 

stiffness values (Fig. 6A); CV1 = 8.02*R + 5.69*S − 7.06 and CV2 = −9.76*R + 3.92*S 

− 0.72, where CV1 and CV2 are the composite variables, R is the ΔR1 value in s−1 and S is 

the shear stiffness in kPa, and each linear combination is subtracted by its mean. Composite 

Variable 1 represents the linear combination with maximum discrimination between Ishak 

groups, and when plotted in a conventional manner against Ishak groups (Fig. 6B), we 

observed this composite metric’s ability to discriminate well between all stages of liver 

fibrosis.
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This is further reflected by the ROC curves (Fig. 6C–E), which display superior AUC values 

compared to that determined by the individual ΔR1 and shear stiffness tests. The AUC for 

the composite score detecting fibrosis (Ishak 0 vs 1-6) was 1.00 (95% CI 1.00-1.00, p < 

0.001). The AUC for distinguishing mild from moderate/severe fibrosis (Ishak 0-2 from 

Ishak 3-6) was 0.96 ± 0.04 (95% CI 0.88 to 1.00, p = 0.0001). Finally, the AUC for 

distinguishing mild/moderate to severe fibrosis (Ishak 0-4 from Ishak 5-6) was 0.98 ± 0.03 

(95% CI 0.93 to 1.00, p = 0.0002).

Discussion

In this work we show for the first time simultaneous MR imaging of collagen content and 

tissue stiffness to compare and contrast each technique’s ability to stage liver fibrosis in 

DEN-treated rats. Our results for each separate technique recapitulated previous findings for 

staging fibrosis. We observed the same exponential-like trend for tissue stiffness over 

fibrotic progression that has been widely reported in previous elastography literature,[26,27] 

resulting in good detection of advanced fibrosis and cirrhosis, but less discrimination for 

earlier stages. Previous molecular imaging studies with EP-3533 in different animal models 

of liver fibrosis also showed this probe to be sensitive in detecting early stages of fibrosis 

and reported similar AUC values in ROC analysis across discrimination stages.[14,15]

This high fibrotic sensitivity of EP-3533 imaging can also be elucidated at the molecular 

level by its high correlation to direct measures of collagen from extracted tissue, such as 

hydroxyproline (r = 0.85 for the linear regression between ΔR1 and Hyp, as shown in 

Supplemental Figure 1). Previous liver fibrosis studies of EP-3533 enhanced imaging of 

CCl4-injured mice and BDL-injured rats demonstrated similarly high correlations,[13,15] 

exhibiting the robustness of this non-invasive technique in assessing collagen across animal 

and inducement models.

An important consideration for any diagnostic imaging technique is the relationship between 

the imaging measurement and the true biological condition the test is attempting to quantify. 

EP-3533 enhanced MRI reflects liver collagen levels and collagen (assessed by Hyp) 

correlates strongly, but not perfectly with fibrosis as determined by either Ishak scoring or 

CPA. The relationship between EP-3533 signal enhancement and tissue collagen will also be 

affected by probe delivery. For instance, decreased liver perfusion at later stages of disease 

due to portal venous hypertension could decrease probe delivery and result in an 

underestimation of total collagen and fibrosis stage. MRE is conventionally a measurement 

of the elastic properties of tissue. Fibrosis contributes to tissue stiffness but the MRE 

measurement is also influenced by inflammation or altered perfusion (such as portal venous 

hypertension during cirrhosis). In fact, these are commonly cited contributors to the apparent 

late-stage increases in liver stiffness.[28]

Because these imaging techniques measure independent biophysical properties, the 

limitations of each measurement may be offset by combining the two imaging readouts. This 

will be especially important in the clinical setting when the extent of disease is an unknown 

variable. By utilizing both measurements, we generated a composite score model that was 

able to accurately encapsulate both early- and late-stage discrimination of fibrosis (AUROC 
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> 0.96 for all comparisons) due to the partially uncorrelated nature of the individual 

techniques. Although the specific coefficients of the model described here are tied to the 

exam parameters of this study (e.g. contrast agent dose, elastography frequency), a 

multivariate collagen+MRE model can be instantiated for future experimental or clinical 

investigations by similar staging studies to determine optimal linear weighting coefficients.

The MRE reconstruction method we used was based on previous work[19] that 

demonstrated the superior precision of the phase gradient technique compared to 

conventional elastogram reconstruction based on local frequency estimation in quantifying 

the shear stiffness value for predominately homogenously distributed diseases such as liver 

fibrosis. Although cirrhotic nodules at advanced stages may introduce focal perturbations of 

shear stiffness, the cirrhotic condition is already detectable by the bulk tissue stiffness. 

Additionally, the stiffness values of these small nodules are typically not accurately 

measured by MR elastography, especially in small animals where the spatial wavelengths of 

the shear waves are usually greater than the size of the nodules, because spatial frequency 

estimation is easily corrupted by noise in regions of interest (ROIs) with a low dynamic 

range of shear wave phase.

Prior literature reporting the direct elastic modulus measurements of fresh surgical samples 

of fibrotic liver corroborate our results, showing the elastic moduli at the lower fibrotic 

stages staying within similar ranges and only the highly fibrotic and cirrhotic livers with 

greater values.[29] One of the key molecular explanations suggested by literature is that 

cross-linking of collagen and elastin fibers, which has been shown to significantly increase 

tissue stiffness,[30,31] occurs typically in advanced fibrotic stages after initial collagen 

deposition.[32–34]

While elastography studies of patient populations with chronic liver diseases have typically 

shown similar results with insignificant stiffness differences observed between non-fibrotic 

and mild fibrosis,[26,27,35,36] some recent studies, primarily small animal injury models 

with CCl4, have observed early-stage stiffness increases[11,28,37] even before 

overproduction of collagen due to the cross-linking activity of lysyl oxidase. The molecular 

mechanisms that determine collagen production and collagen cross-linking are areas of 

active investigation, and these events most likely vary across animal models of fibrosis and 

in human patients. For this reason, imaging probes that target collagen should provide useful 

information complementary to that of stiffness measurements by MR elastography toward 

the common goal of fibrosis staging, and MRI exams that incorporate both metrics will be 

more advantageous in the clinical and research settings.

There are some limitations of this study. While the data presented here with EP-3533 is 

consistent with our previous data in the mouse CCl4 and rat BDL models, it was harder to 

distinguish more advanced fibrosis in the rat DEN model and this may be due to the overall 

severity in this model as discussed above. While the differences observed may just be 

expected when using various animal models, the observation of discrepancy between these 

models might also approximate what to expect in humans and further underscores the need 

for more consistent and robust staging. The consistent, strong correlation between EP-3533-

enhanced imaging and liver hydroxyproline levels across all of these models provides strong 
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evidence that EP-3533 will be useful in the clinic for staging fibrosis. There were also 

overlaps of maximum and minimum values for both imaging techniques among each liver 

fibrotic group especially for the earlier stages. Techniques like elastography and collagen 

molecular imaging are best when distinguishing large differences in disease, but finer 

staging will always be more challenging. The importance of the current work is the 

demonstration that combining different and complementary readouts in the same imaging 

session can greatly improve diagnostic accuracy.

In summary, we showed for the first time that it is possible to incorporate molecular imaging 

and MRE into a single comprehensive MR exam of liver fibrosis. The two techniques 

provide complementary information that can be combined to provide a more accurate non-

invasive means of assessing liver fibrosis across all stages of disease. This approach should 

have broad utility in the clinical setting for better distinguishing patients with early stage 

fibrosis from those with last stage disease at high risk for liver-related mortality.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Imaging protocol and characterization of DEN-induced rat model of liver fibrosis
(A) Rat imaging protocol involves a baseline inversion recovery sequence for liver T1 

quantification, followed by EP-3533 probe injection, dynamic contrast enhancement to 

validate probe delivery to liver, MR elastography, and post EP-3533 T1 quantification. Rats 

are then euthanized and the livers taken for biochemical and histological analyses. (B) 

Representative images of Sirius Red staining after DEN administration for 8, 12, and 16 

weeks. (C) Collagen proportional area (CPA) as assessed by quantification of Sirius Red 

staining, increased progressively with Ishak score. (D) Total collagen as assessed by 
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hydroxyproline analysis, increased progressively with Ishak score. Data were analyzed using 

one-way ANOVA, followed by the Tukey post hoc test. * p < 0.05, ** p < 0.01, *** p < 

0.005, and **** p < 0.001.
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Fig. 2. T1 imaging of rat liver
(A,B) Pre-injection inversion recovery scans for PBS (A) and DEN-treated (B) rats at an 

inversion time of 400 ms. (C,D) Post-injection inversion recovery scans for PBS (C) and 

DEN-treated (D) rats at an inversion time of 400 ms. The signal enhancement is noticeably 

larger for the DEN-treated rats (B vs. D).
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Fig. 3. MR elastography setup and phase gradient reconstruction of liver shear stiffness
(A) The rat is placed supine in the solenoid coil. An electromechanical driver powered by an 

amplifier and signal generator (not illustrated) is connected to a silver acupuncture needle 

that penetrates the liver. (B–C) Representative phase contrast images of shear waves radially 

propagating from the needle location. Note the greater spatial wavelengths in the DEN-

treated animal (C), reflecting the greater shear stiffness. (D) The phase of the first temporal 

harmonic of these phase contrast images plotted over radial distance from the needle (blue) 

represents the phase gradient, which can be linearly fit (red) to quantify a shear stiffness 

value. The upper phase gradient and stiffness value is of the PBS control animal from (B), 

and the lower phase gradient and stiffness value is of the same DEN-treated animal from 

(C).
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Fig. 4. Staging of liver fibrosis by collagen-enhanced MRI and MR elastography
(A–C) Collagen-enhanced MRI is sensitive to early stages of fibrosis. ΔR1 significantly 

increases for fibrotic animals compared with non-fibrotic Ishak 0 (A) and CPA < 2% (C) 

animal groups. (B–D) MR elastography is most sensitive to advanced stages of fibrosis. 

Shear stiffness significantly increases for the Ishak 5-6 (B) and CPA > 6% (D) groups 

compared with animals with less advanced fibrosis. The symmetric sensitivity of these 

methods indicate complementary staging capabilities. Data were analyzed using one-way 

ANOVA, followed by the Tukey post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.005, and 

**** p < 0.001.

Zhu et al. Page 18

Hepatology. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Receiver operating characteristic (ROC) analysis of liver fibrosis staging by collagen-
enhanced MRI and MR elastography
ROC curves are grouped by imaging technique and fibrosis metric: ΔR1 over Ishak stages 

(A) and CPA groups (C) and Shear stiffness over Ishak stages (B) and CPA groups (D). 

ROCs over both Ishak and CPA demonstrate collagen-enhanced MRI most suitable for 

discriminating early stages of fibrosis (decreasing AUC with fibrotic progression) while MR 

elastography most suitable for discriminating late stages of fibrosis (increasing AUC with 

fibrotic progression) in this animal disease model.
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Fig. 6. Composite score for staging liver fibrosis incorporating collagen-enhanced imaging and 
MR elastography measures
(A) ΔR1 and shear stiffness for each animal were linearly combined, with weighting 

coefficients optimized by multivariate analysis of variance (MANOVA) to achieve maximum 

separation between groups. The analysis generated two sets of coefficients, and the resultant 

linear combinations form Composite Variable 1 (with maximum separation) and Composite 

Variable 2 (with 2nd-highest separation). (B) Fibrosis staging by composite score 

(Composite Variable 1) incorporates the advantages of both imaging techniques and is 

capable of discriminating both early and late stages of fibrosis. (C–E) ROC curves 

demonstrating the composite score’s ability to better distinguish between fibrotic stage 

groups compared to the individual MR measurements reported in Figure 5. Data were 

analyzed using one-way ANOVA, followed by the Tukey post hoc test. * p < 0.05, ** p < 

0.01, and **** p < 0.001.
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